Bluelizardite (IMA 2013-062), Na 7 (UO 2 )(SO 4 ) 4 Cl(H 2 O) 2 , is a new uranyl sulfate mineral from the Blue Lizard mine, San Juan County, Utah (USA). It was found in a sandstone matrix and is associated with chalcanthite, copiapite, ferrinatrite, gypsum, kröhnkite, johannite, and several other new, unnamed Na-and Mg-containing uranyl sulfates. Bluelizardite is a supergene mineral formed by the post-mining weathering of uraninite. The mineral is monoclinic, C2/c, with a = 21.1507 (6) (-115, 310, 008), 3.484(27)(-602,-604,-2·0·10), 3.353(28)(mult.), 3.186(36)(mult.). The crystal structure of bluelizardite (R 1 = 0.016 for 4268 reflections with I obs > 3σI) is topologically unique among known structures of uranyl minerals and inorganic compounds. It is based upon clusters of uranyl pentagonal bipyramids and sulfate tetrahedra. Two uranyl pentagonal bipyramids are linked through the two vertices of SO 4 groups. The remaining three vertices of each UO 7 bipyramid are occupied by SO 4 groups, linked monodentately. The eight independent Na + cations are linked through the Na-O bonds along with hydrogen bonds (involving H…O and H…Cl bonds) into a 3D framework.
Introduction
Uranyl sulfate minerals are important alteration products resulting from hydration-oxidation weathering of primary uranium minerals, mainly uraninite. They are not uncommon because uraninite is often associated with sulfides such as pyrite, marcasite and chalcopyrite (Finch and Murakami 1999; Krivovichev and Plášil 2013) . During hydration-oxidation weathering processes, acid solutions are derived from the decomposition of sulfides under oxidizing conditions. As acid mine drainage (AMD), such solutions can transport the uranyl ion in aqua-complexes over long distances (Fernandes et al. 1995; Johnson 2003; Johnson and Hallberg 2005) . Uranyl sulfate minerals form from such solutions under certain conditions (pHEh change, oversaturation, hydrolysis etc.) and in suitable environments, e.g. in old mining adits with moderate relative humidity.
Bluelizardite is a new uranyl sulfate mineral found at the Blue Lizard mine, San Juan County, Utah, USA. The mineral is particularly interesting for its chemical composition, as it is a uranyl sulfate hydrate containing sodium and chlorine, and its crystal structure, which is unique among uranyl minerals. The new mineral and the name were approved by the Commission on New Minerals, Names and Classification of the International Mineralogical Association (IMA 2013-062) . The new mineral was named after the type locality, the Blue Lizard mine. One holotype and three cotype specimens of bluelizardite were deposited in the collections of the Natural History Museum of Los Angeles County under the catalogue numbers 64060, 64061, 64062 and 64063.
Physical and optical properties
Bluelizardite forms as long bladed crystals (Fig. 1) in hedgehog-like aggregates in association with other uranyl sulfate minerals. Blades are up to 0.4 mm long, flattened on {001} and elongated parallel to [010] , and exhibit the forms {100}, {001} and {111} (Fig. 2) . Bluelizardite is pale yellow and has a yellowish-white streak. Crystals are transparent with a vitreous luster. They are brittle, with good cleavage on {001}, and they have uneven fracture. The Mohs hardness is estimated at 2. There is insufficient material for the direct determination of density. A density of 3.116 g/cm 3 was calculated based on the unit-cell dimensions from single-crystal X-ray data and on the empirical formula from electron microprobe results. Bluelizardite shows bright yellow-green fluorescence under both long-and short-wave UV radiation. The mineral is optically biaxial negative, with α = 1.515(1), β = 1.540(1), γ = 1. 545 (1) (measured in white light). The measured 2V using a spindle-stage is 48(2)° and the calculated 2V is 47.6°. No dispersion or pleo chroism was observed. The optical orientation is X = b, Y ≈ a, Z ≈ c*. The Gladstone-Dale compatibility, 1 -(K p /K c ), is excellent (0.033) for the empirical formula and the single-crystal cell.
Chemical composition
The chemical composition of bluelizardite was determined using a Jeol Superprobe 733 scanning electron 
Raman spectroscopy
A Raman spectrum (Fig. 3 ) was collected using a DXR dispersive Raman spectrometer (Thermo Scientific) mounted on a confocal Olympus microscope (100× objective). The Raman signal was excited by a 532 nm diode-pumped solid-state laser and detected by a CCD detector. The experimental parameters were: 5 s exposure time, 32 exposures, 400 lines/mm grating, 50 mm slit spectrograph aperture, and 3.0 mW laser power level. The instrument was calibrated by a software-controlled calibration procedure using multiple neon emission lines (wavelength calibration), multiple polystyrene Raman bands (laser frequency calibration) and standardized white-light sources (intensity calibration). Many well-documented and rigorously-assigned Raman or infrared spectra of uranyl-sulfate minerals have been published. The general features of the vibration spectra of uranyl-sulfate minerals were reviewed by Čejka (1999) . Recently, the Raman spectrum of meisserite, which is structurally very similar to bluelizardite, was published (Plášil et al. 2013a) . We based the assignment and interpretation of the bluelizardite Raman spectrum on the similarities with the meisserite spectrum and also on the well-resolved Raman spectrum of natural zippeite (Plášil et al. 2010) .
The dominant features in the Raman spectrum of bluelizardite are U-O symmetric and S-O symmetric stretching vibrations, with expected highest intensities in the Raman (Čejka 1999; Plášil et al. 2010) . The O-H vibrations, which are generally weak in un-polarized Raman spectra, are easily observable in the bluelizardite spectrum (Fig. 3) .
The U-O stretching region is dominated by a sharp band at ~860 cm -1 , which is attributable to the ν 1 symmetric stretching U-O vibration of the (UO 2 ) 2+ ion. Closer inspection and band-component analysis of the spectrum show that the band is composed of two overlapping vibrations at 854 and 848 cm -1 . It is interesting that, in the bluelizardite spectrum, the ν 3 antisymmetric stretching U-O vibration is observable, while it is not in the meisserite spectrum (Plášil et al. 2013a) . In general, ν 3 UO 2 2+ is not active in Raman for C ∞v point symmetry; however, for bluelizardite, the symmetry of the uranyl ion is lowered by the symmetry of the U and corresponding O sites (factor-group symmetry) and forbidden modes become active. The low-intensity bands at 918 and 912 cm -1 were assigned to the ν 3 antisymmetric stretching U-O vibrations. The inferred U-O uranyl bond-lengths, using the equations of Bartlett and Cooney (1989) , are 1.76 Å (ν 1 ) and 1.77 Å (ν 3 ). These values perfectly match the U-O bond-lengths obtained in our refinement of the crystal structure (see below). The Raman bands at 260, 252, 237 and 208 cm -1 were assigned to the ν 2 (δ) O-U-O bending vibrations. The number of observed bands is in agreement with there being two U atoms in the primitive unit-cell (the unit-cell of bluelizardite is C-centered).
The group of Raman bands with the second-highest intensity corresponds to the S-O symmetric stretching vibrations (ν 1 ) of SO 4 tetrahedra, located at around ~1060 cm -1 . The large number of bands that can be assigned to the symmetric stretching modes (those at 1061, 1050, 1012, 1003, 998, 986, 951 Libowitzky (1999) , it is possible to infer the approximate O…O (donor-acceptor) distances and also H…O (hydrogen-acceptor) distances for the corresponding hydrogen-bonds, based on the wavenumbers of the O-H stretching frequencies. The inferred distances from the observed frequencies for bluelizardite vary between 2.7 and 3.1 Å (O…O). The inferred H-A distances match the range 1.8 to 2.4 Å; these numbers correspond with the bond-lengths obtained for the H-bonds from the structure refinement (see below), although the low end of the range is somewhat lower than the value from X-rays (~1.9 Å).
The bands at the lowest frequencies are attributable to lattice modes. The Na-O stretching and Na-Cl stretching vibrations could not be assigned to Raman bands because of overlap with other fundamental vibrations.
X-ray crystallography and structure determination

Powder diffraction
Powder X-ray diffraction data for bluelizardite were obtained using a Rigaku R-Axis Rapid II curved imaging plate microdiffractometer utilizing monochromatized MoK α radiation (Gandolfi method). Observed powder d hkl values and intensities were derived by profile fitting using JADE 2010 software. Data (in Å) are given in Tab. 2. Unit-cell parameters refined from the powder data using JADE 2010 with whole-pattern fitting are: a = 21.1822 (6) 
single-crystal X-ray diffraction and structure solution
A single crystal of bluelizardite, with dimensions 0.12 × 0.03 × 0.02 mm, was examined using an Oxford Diffraction Gemini single-crystal diffractometer with an Atlas CCD detector using monochromatized MoK α radiation, with a fibre-optic Mo-Enhance collimator. The unit-cell dimensions were refined from 13395 reflections by leastsquares with the CrysalisPro package (Agilent Technologies 2012) . According to the single-crystal data, blueliz- and Z = 8. Of the 24,440 measured reflections, 4715 were independent and 4268 were classified as observed based on the criterion [I obs > 3σ(I)]. Data were corrected for Lorentz effect, polarization factor and background. An empirical (multi-scan) correction for absorption was applied to the dataset using the ABSPACK3 algorithm implemented in the RED routine of the CrysAlis software (Agilent Technologies 2012), leading to R int of 0.0250. Other details of the data collection are given in Tab. 3.
The crystal structure of bluelizardite was solved by the charge-flipping algorithm Sütö 2004, 2008; Palatinus 2013) implemented in the Superflip program (Palatinus and Chapuis 2007) and subsequently refined using the software Jana2006 (Petříček et al. 2006 ) with the full-matrix least-squares refinement based on F 2 . The reflection conditions and statistics clearly indicated the monoclinic space group C2/c. This space group was also suggested by the Superflip program, based on the symmetry operators deduced from the flipped electron-density (Palatinus and van der Lee 2008). All atoms except hydrogen were refined using harmonic atomicdisplacement parameters. Hydrogen atoms, which were located in the difference-Fourier maps, were treated using soft constraints on bond lengths, 0.90 Å, with a constraint weight of (0.02), resulting in donorhydrogen lengths of 0.87(3) Å, and their isotropic-displacement parameters were set to 1.2×U eq of the donor O atoms. The refinement converged smoothly with final indices of agreement R 1 = 0.0163 and wR 2 = 0.0383 for 4715 observed reflections with GOF = 1.17 (Tab. 2). The atom coordinates and the displacement parameters are given in Tab. 4 and selected interatomic distances in Tabs 5 and 6. Bond-valences are presented in Tab. 7.
Description of the crystal structure
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Discussion
structure topology and related structures
The bluelizardite structure contains [(UO 2 ) 2 (SO 4 ) 8 ] 4-uranyl sulfate clusters (Fig. 6a) ; in contrast, the structure of meisserite (Plášil et al. 2013a) , another Nauranyl sulfate from the same locality, is based on uranyl sulfate chains (Fig. 6b) . In the bluelizardite structure, the bridging sulfate tetrahedra between two uranyl pentagonal bipyramids are oriented down and down, or up and up (Fig. 6a) with respect to the plane of the sheets, whereas in meisserite, the SO 4 groups that link the chains are oriented up and down (Fig. 6b) . The similar infinite chain as in meisserite occurs in the structure of synthetic Na 3 Tl 5 [(UO 2 ) (MoO 4 ) 3 ] 2 (H 2 O) 3 (Krivovichev and Burns 2003) . While the bluelizardite structure is characterized by two-membered clusters, the meisserite structure is characterized by chains, and the structure of belakovskiite (Kampf et al. 2013 ) is based on clusters of composition [(UO 2 ) (SO 4 ) 4 ] 6- (Fig. 6c) . The twomembered clusters topologically similar to these found in bluelizardite were observed in the structures of the synthetic compounds: Na 6 [(UO 2 ) ( 
are topological isomers, as they contain a bidentately linked SO 4 group (Figs 6d-f) . A very similar cluster to that in bluelizardite occurs in the structure of the high-temperature synthetic compound K 4 [(UO 2 )(SO 4 ) 3 ] (Mikhailov et al. 1977 ). This structure, however, contains two bidentately linked SO 4 groups (Fig. 6g ).
notes on origin
Bluelizardite is a uranyl sulfate mineral found in a sandstone matrix together with a diverse suite of other sulfate minerals of supergene origin. They formed from low-temperature, SO 4 -bearing, acidic aqueous solutions, which can be linked to acid-mine drainage (AMD) waters originating from the dissolution of hypogene sulfide minerals (Fernandes et al. 1995; Johnson 2003; Johnson and Hallberg 2005) . The occurrences of such mineral-rich alteration assemblages, including uranyl sulfates related in origin to AMD processes, are widespread (Ondruš et al. 1997 (Ondruš et al. , 2003 Brugger et al. 2003 Brugger et al. , 2006 Plášil et al. 2011a Plášil et al. , b, 2012 Plášil et al. , 2013a . At the Blue Lizard mine, the mineral assemblage is inferred to have formed at very low pH. Although we did not sample the mine waters at the site or measure their pH, we can draw some conclusions concerning the pH based on the known thermodynamic properties of selected minerals in the association (e.g., Majzlan 2010 and references therein; Grevel and Majzlan 2011) and from the bond-valence approach (Schindler et al. 2006; Hawthorne and Schindler 2008; Schindler and Hawthorne 2008; Hawthorne 2012) . Minerals that are very characteristic of this weathering association, including römerite, rhomboclase and copiapite, are predicted to form under very low pH and at moderately oxidizing conditions (Majzlan 2010) . It is also significant that the assemblage includes minerals that are stable at ambient temperature (~15-20 °C) and very low relative humidity, such as rhomboclase, as well as phases that are characteristic of higher relative humidity, such S1 S2 S4 S3 Na6 Na7 Na1 Na5 Na3 Na8 Na2 4-chain in the structure of meisserite (Plášil et al. 2013) . c -The isolated [(UO 2 )(SO 4 ) 4 ] 6-cluster in the structure of belakovskiite (IMA 2013-075; Kampf et al. 2013) . d -Isolated cluster in synthetic Na 6 (UO 2 )(SO 4 ) 4 (H 2 O) 2 (Hayden and Burns 2002a, b) . e -Isolated cluster in synthetic Na 10 [(UO 2 ) (SO 4 
